The factors and mechanisms underlying the differential activity and regulation of eukaryotic RNA polymerase II on different types of core promoters have remained elusive. Here we show that the architectural factor HMGA1 and the Mediator coregulator complex cooperate to enhance basal transcription from core promoters containing both a TATA box and an Initiator (INR) element but not from ''TATA-only'' core promoters. INR-dependent activation by HMGA1 and Mediator requires the TATA-binding protein (TBP)-associated factors (TAFs) within the TFIID complex and counteracts negative regulators of TBP/TATA-dependent transcription such as NC2 and Topoisomerase I. HMGA1 interacts with TFIID and Mediator and is required for the synergy of TATA and INR elements in mammalian cells. Accordingly, natural HMGA1-activated genes in embryonic stem cells tend to have both TATA and INR elements in a synergistic configuration. Our results suggest a core promoter-specific regulation of Mediator and the basal transcription machinery by HMGA1.
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Received August 18, 2011; revised version accepted October 26, 2011. Regulation of gene-specific transcription in eukaryotes is controlled by the combinatorial interplay of a variety of regulatory DNA elements located in promoter-proximal and -distal (e.g., enhancer) regions and core promoter elements located within the transcription initiation region (i.e., the core promoter). Regulatory elements are recognized by cognate sequence-specific DNA-binding regulators (activators or repressors), which in turn recruit a diversity of coregulators (i.e., coactivators or corepressors) (Roeder 2005) . Activators often assemble cooperatively at enhancers to form stereo-specific activating complexes (e.g., enhanceosomes). Architectural DNA-binding proteins, such as HMGA1 (formerly HMGI/Y), have been shown to further assist in the formation of specific enhanceosomes (Thanos and Maniatis 1995; Reeves 2003) . HMGA family proteins do not have an intrinsic transcription regulatory domain or a strict DNA sequence specificity but bind to the minor groove of AT-rich or structured DNA through ''AT-hook'' motifs and to numerous sequencespecific regulators. HMGA1 is thought to act as a chaperone to induce or stabilize DNA and/or protein conformations that facilitate cooperative binding of activators to specific enhancers (Reeves and Beckerbauer 2001; Reeves 2003; Panne 2008) .
Once recruited by activators to regulatory DNA sequences, different classes of coactivators interplay to modify chromatin structure and/or directly interact with the general transcription machinery to enhance transcription by RNA polymerase II (Pol II) (Roeder 2005) . The multiprotein Mediator complex belongs to the latter class of coactivators and has emerged as the prevalent ''general coregulator'' required for transcription of most, if not all, protein-coding genes in eukaryotes (Kornberg 2005; Malik and Roeder 2010) . Mediator is recruited to regulatory DNA sequences by direct protein-protein interactions with a variety of activators, which further induce structural shifts in Mediator that may affect its functions (Malik and Roeder 2010; Meyer et al. 2010; Taatjes 2010) . Mediator also interacts physically with Pol II and several general transcription factors (GTFs) and facilitates their assembly at the core promoter (Kornberg 2005; Malik and Roeder 2010) . Accordingly, Mediator associates with both enhancers and core promoters in mammalian cells and has been shown to interact with cohesin in a complex that bridges enhancers to core promoters via DNA looping (Heintzman et al. 2009; Kagey et al. 2010) . Besides facilitating activator-dependent recruitment of the general transcription machinery, Mediator also activates post-recruitment steps in transcription and stimulates phosphorylation of the C-terminal repeat domain (CTD) of Pol II (Kornberg 2005; Malik and Roeder 2010) . These previous observations suggest that Mediator contributes to differential gene regulation by integrating signals emanating mostly from enhancers and gene-specific activators and may control the activity of the general transcription machinery at the core promoter of most genes. Consistent with this, Mediator is required for optimal activator-independent (i.e., basal) transcription from most target core promoters analyzed thus far in either yeast or metazoan cell-free transcription extracts in vitro (Kim et al. 1994; Mittler et al. 2001; Park et al. 2001; Baek et al. 2002; Reeves and Hahn 2003; Takagi and Kornberg 2006) . Intriguingly, however, the stimulatory effect of Mediator on basal transcription is much less apparent in purified systems reconstituted with nonlimiting concentrations of the general Pol II transcription machinery (Mittler et al. 2001; Nair et al. 2005; Takagi and Kornberg 2006) . This suggests that additional factors may be required for efficient Mediator-dependent stimulation of the general transcription machinery and/or that Mediator may antagonize inhibitory factors in cells and crude extracts (Malik and Roeder 2010) .
The core promoter is the ultimate target of activators and Mediator and is defined as the DNA region where the GTFs (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH) and Pol II assemble to form a functional preinitiation complex (PIC) . Accordingly, this region is generally ''nucleosome-free'' or marked with unstable nucleosome variants at active (or poised) genes in vivo (Jin et al. 2009 and references therein). Core promoters have been most extensively studied in metazoans and are highly diverse in structure and intrinsic basal activity ). It has long been known that core promoter DNA sequences play an important regulatory role by influencing the transcriptional response of genes to distal activators and enhancers both in vivo and in vitro. However, how this is accomplished has remained obscure (Smale 2001; Juven-Gershon et al. 2008 ). Core promoters may contain different combinations of specific core promoter DNA elements that are recognized by distinct components of the PIC. The best-characterized core promoter elements include the TATA box, the TFIIB recognition elements (BREs) that flank the TATA box, the Initiator (INR) at the transcription start site, and the DPE, MTE, and DCE elements located downstream from the transcription start site . Although the INR is the most prevalent element found in almost half of all core promoters from yeast to humans, none of these core promoter elements is universal, and some core promoters apparently lack all of the above elements (Ohler et al. 2002; Gershenzon and Ioshikhes 2005; Jin et al. 2006; Yang et al. 2007) . Except for the BRE, core promoter elements are generally recognized by different subunits of the TFIID complex: The TATA box is bound by the TATA-binding protein (TBP), the INR is recognized by TBP-associated factor 1 (TAF1) in conjunction with TAF2, the DPE photo-cross-links to TAF6 and TAF9, and the DCE photo-cross-links to TAF1 (JuvenGershon et al. 2008) . Accordingly, specific combinations of core promoter elements synergize in basal and activated transcription in crude nuclear extracts and cultured cells and cooperatively recruit TFIID to the core promoter in vitro (O'Shea-Greenfield and Smale 1992; Colgan and Manley 1995; Burke and Kadonaga 1996; Emami et al. 1997; Juven-Gershon et al. 2008) . Intriguingly, however, the intrinsic basal activities and synergistic functions of most core promoter elements cannot be recapitulated in systems reconstituted with purified GTFs and Pol II, suggesting that cooperative binding of TFIID to core elements can only partly explain their synergy and that additional factors may be required for optimal core promoter sequence-dependent Pol II activity. Indeed, INR function at mammalian TATAless promoters and the strong synergy of TATA and INR elements were shown to require distinct TAF-and INRdependent cofactors (TICs) whose identities have remained elusive (Martinez et al. 1998; Malecová et al. 2007 ). Similarly, TFIID-dependent DPE function and synergy with the INR require additional cofactors. These include the negative cofactor NC2, a negative regulator of TBP and TATA-dependent transcription, which stimulates DPEdependent promoters in Drosophila cells and cell-free extracts (Willy et al. 2000; Hsu et al. 2008) , and the protein kinase CK2, which enhances Sp1 activation of mammalian DPE-dependent promoters in a purified transcription system (Lewis et al. 2005) . In yeast, the general transcription machinery may also require additional factors for efficient transcription from promoters with weak TATA boxes (Bjornsdottir and Myers 2008) . Thus, the factors and mechanisms that regulate the general transcription machinery in a core promoter-specific manner may be diverse and remain poorly defined.
Here, we present the biochemical identification of HMGA1 and Mediator as core promoter-selective cofactors required for the TFIID/TAF-dependent transcription stimulatory function of the INR element and its synergy with the TATA box (previously described as the TIC1 activity). HMGA1 functionally cooperates with Mediator and TFIID and elicits an INR-specific basal transcription stimulatory activity of Mediator, which requires TAFs and counteracts the negative regulation of TATAdependent transcription by NC2. Consistent with their interdependent functions in vitro, HMGA1 specifically interacts with both Mediator and TFIID and is required for the synergy of TATA and INR elements in mammalian cells. Our results suggest a possible core promoter-dependent architectural or allosteric regulation of the general Pol II transcription machinery by HMGA1 and the possibility that HMGA1 and Mediator could act cooperatively at the interface between enhancers and core promoters to elicit gene-specific responses to regulatory stimuli.
Results
Biochemical identification of HMGA1 and Mediator as components of the TIC1 activity required for the synergy of TATA and INR core promoter elements
We previously partially purified a TFIID/TAF-dependent stimulatory activity (called TIC1) that restored INR function and the synergy of TATA and INR elements in a purified basal transcription system reconstituted with immunoaffinity-purified Flag-tagged TFIID; Ni 2+ affinitypurified native TFIIA; recombinant 6His-tagged TFIIB, TFIIE, and TFIIF; and purified native TFIIH and Pol II (Martinez et al. 1998) . To identify the active components of the crude TIC1 fractions, more extensive chromatographic fractionations were performed, and the TIC1 activity in chromatographic fractions was analyzed by complementation of the purified basal transcription system (see the Materials and Methods). We followed the ability of TIC1 to stimulate basal transcription selectively from a core promoter containing both TATA and INR consensus elements in a synergistic configuration (TATA/INR) but not from a derivative ''TATA-only'' core promoter (TATA) that differs only by point mutations that inactivate the INR (Supplemental Fig. S1A ). The TIC1 activity was purified through seven chromatographic steps ( Fig S1D ,E; data not shown) and was enriched in the final TIC1 ''Phenyl'' fraction, which also contained two other protein bands: p110 and p9 (Fig. 1C) . Tandem mass spectrometry analyses (LC-MS/MS) identified these proteins as DNA Topoisomerase I (Topo I) (p110), HMGA1 (p19), SRP14 (also in p19), and SRP9 (p9) ( Fig. 1C ; Supplemental Fig. S1F ). SRP14/9 are abundant cytosolic (and nucleolar) proteins that heterodimerize and function within the signal recognition particle (SRP) in cotranslational targeting of proteins to the endoplasmic reticulum (Koch et al. 2003) ; hence, they were considered contaminants and were not investigated further.
Given their roles as architectural factors and transcription coregulators, Topo I and HMGA1 were further tested for TIC1 activity as purified recombinant proteins (Supplemental Fig. S2A ,B). Purified recombinant Topo I did not have INR-dependent activity by itself (Supplemental Fig. S2D ) and at higher concentrations repressed both TATA/INR and TATA promoters to a similar extent (data not shown). In contrast, recombinant HMGA1b selectively stimulated the TATA/INR core promoter without affecting the TATA template (Fig. 1D ). Although modest, this INR-dependent stimulatory activity of recombinant HMGA1b was absolutely dependent on TAFs within TFIID (Fig. 1E) . Notably, at higher concentrations, HMGA1b repressed transcription selectively from the TATA core promoter (Supplemental Fig. S2E ), and TAFs were required were performed with supercoiled templates in the purified system containing either TFIID or TBP. Autoradiograms shown for TATA and TATA/INR are from the same gel and exposure time. E shows a quantitation (mean 6 SD) of more than three independent transcription experiments normalized to the promoter activities in the absence of HMGA1b.
to antagonize this repressive effect on the TATA/INR promoter (Supplemental Fig. S2F ). The other major HMGA1 splicing isoform, HMGA1a, which only differs from HMGA1b by an extra 11 amino acids (Supplemental Fig.  S1F ), functioned similarly (see also below; Supplemental Fig. S2G ; data not shown). For all subsequent experiments, we used recombinant HMGA1b at concentrations that activate TATA/INR but do not inhibit TATA-only transcription.
Since significant TIC1 activity was lost during the Q-Sepharose fractionation step, which also separated Mediator complexes from HMGA1 (Supplemental Fig. S1C ), we considered the possibility that Mediator could be required for efficient HMGA1-mediated stimulation of INR-dependent transcription. As expected from numerous previous reports, a highly purified Mediator preparation that contains the various forms of Mediator, including CDK8-containing and CDK8-lacking complexes (Supplemental Fig. S2C ), did not have core promoter selectivity in the reconstituted system in the absence of HMGA1 and only weakly stimulated basal transcription from both TATA/ INR and TATA promoters ( Fig. 2A, lanes 2-4) . In contrast, a significant (about fivefold) preferential stimulation of TATA/INR was observed in the presence of HMGA1 ( Fig.  2A,B) . The INR-dependent basal stimulatory activity of HMGA1 and Mediator was not observed in the purified system reconstituted with TBP, but required TFIID/TAFs (Fig. 2C) . Similarly, HMGA1 and Mediator stimulated basal transcription from the natural adenovirus major late core promoter (MLP), which is of the TATA/INR type, and had only a marginal effect on the natural core promoter of the human HSPA1A gene (HSP70), which has an identical consensus TATA box but no INR (Fig. 2D,E) . Thus, the INR-dependent activity of HMGA1 and Mediator is observed with different DNA sequences flanking the consensus TATA and INR elements (Supplemental Fig. S1A ). The core promoter-selective activity of HMGA1 and Mediator was similarly observed with the HMGA1a isoform (Supplemental Fig. S2G ) and on linear templates ( Fig. 2E ; Supplemental Fig. S2H,I ), indicating that a superhelical DNA structure is not required. The above results identify HMGA1 and Mediator as key positive components of the TIC1 activity and show that while Mediator (or TFIID) has no significant core promoter-selective transcription The above results suggested that the large (>40-fold) differential activity of TATA/INR versus TATA promoters observed in nuclear extracts is not solely the result of positive effects of HMGA1 and Mediator on TATA/INR, but also involves selective repression of TATA-only transcription by a nuclear extract component (e.g., see Fig.  2C , lane 1 vs. 5). Since NC2 (also known as DR1/DRAP1) inhibits TATA-dependent transcription, and its inhibitory activity is counteracted by the INR in a TAF-dependent manner in nuclear extracts but not in a purified system (Malecová et al. 2007 ), we tested whether the differential core promoter-selective repressive effect of NC2 is dependent on HMGA1 and Mediator. As expected, purified recombinant NC2 (Supplemental Fig. S3 ) repressed both TATA/INR and TATA core promoters similarly in the purified system (Fig. 3A, lane 1 vs. 2). However, in the presence of HMGA1 and Mediator, the TATA/INR promoter became more resistant to NC2 repression, while the TATA promoter was efficiently repressed (Fig. 3A,  lanes 3-5) . Thus, besides potentiating TATA/INR synergy, HMGA1 and Mediator also antagonize NC2-mediated repression on TATA in an INR-dependent manner, leading to an increased differential activity of TATA/INR versus TATA in the presence of NC2 (about ninefold).
Similar to NC2 (Malecová et al. 2007 ), Topo I (also known as PC3 or Dr2) was shown to repress basal TATAdependent but not TATA-less INR-dependent transcription (Kretzschmar et al. 1993; Merino et al. 1993 ). Although at low concentrations Topo I did not have this repressive effect (Supplemental Fig. S2D ), in the presence of HMGA1, however, a selective repression of the TATA core promoter was observed both in the absence and presence of Mediator (Fig. 3B, lanes 2,3) . In contrast, the TATA/INR promoter was stimulated in the presence of Topo I, HMGA1, and Mediator, leading to a high (;18-fold) differential core promoter activity (Fig. 3B, lane 3) .
These results suggest that the differential activity of the general Pol II transcription machinery on TATA and TATA/INR core promoters is the result of not only positive cooperative effects of HMGA1 and Mediator on TFIID/TAF-dependent INR function, but also antagonistic INR-dependent effects of HMGA1, Mediator, and TAFs on negative regulators of TBP/TATA-directed transcription, such as NC2 and Topo I. Interestingly, HMGA1 itself has both positive effects (in concert with TAFs and Mediator) and negative effects (in concert with Topo I, or by itself at high concentrations) on TATA-dependent transcription, which depend on the presence or absence of a synergistic INR element.
Role of HMGA1 in the synergy of TATA and INR elements in mammalian cells
To test the possible INR-dependent function of endogenous HMGA1 in mammalian cells, we analyzed the activity of the TATA/INR and TATA core promoters fused to a luciferase reporter gene in transfected HEK293 cells. As expected, the basal TATA/INR-dependent luciferase activity was significantly higher than that of the TATA promoter (Fig. 4A) . Depletion of endogenous cellular HMGA1 by RNAi using a specific siRNA (Fig. 4B ) selectively inhibited TATA/INR but not TATA reporter activity or the activity of the TATA-only b-actin promoter-luciferase (ACTB-Luc) reporter (Fig. 4C) . Importantly, the TATA/INR promoter-selective effect of HMGA1 knockdown was confirmed by primer extension analyses of correctly initiated luciferase mRNA transcripts (Fig. 4D) . Moreover, the HMGA1 requirement for TATA/INR-dependent transcription was also observed with a different construct having different DNA sequences flanking the consensus TATA and INR elements (Supplemental Fig. S4 ), suggesting that To further investigate the possible core promoterspecific regulation of natural target genes by HMGA1, we performed a statistical analysis of published differential mRNA expression data obtained from mouse embryonic stem (ES) cells after the knockout of the Hmga1 gene (Martinez-Hoyos et al. 2004 ). Of 13,059 murine transcripts that were analyzed by Affymetrix oligo array, a total of 1863 (14.3%) were differentially expressed by at least twofold in Hmga1 knockout ES cells. To minimize indirect effects and false positives, we focused on the 250 differentially expressed gene transcripts (1.9%) that were most highly dependent on HMGA1; i.e., affected by at least fourfold and validated by RT-PCR (Martinez Hoyos et al. 2004 ). These included 103 transcripts from known mouse genes, of which 76 had experimentally validated transcription initiation sites and well-annotated core promoter elements from genome-wide bioinformatics studies (Jin et al. 2006) . Of these 76 HMGA1-dependent transcripts, 44 were down-regulated and 32 were up-regulated (i.e., fourfold or more) in Hmga1 knockout ES cells. We separated the genes in these two groups according to the reported presence or absence of TATA and/or INR elements in their core promoters (Jin et al. 2006 ) and compared the frequencies of specific core promoter types in HMGA1-activated and HMGA1-repressed groups with the global frequencies of promoter types in the mouse genome (Table 1) . Interestingly, the group of HMGA1-stimulated genes was significantly enriched in core promoters having both TATA and INR elements (TATA/INR type), while other promoter types in this group did not significantly differ from their global frequencies in the genome. In contrast, the frequencies of most promoter types, including TATA/INR, in the HMGA1-repressed group of genes did not significantly differ from their global genomic frequencies. We note, however, that the ''none'' category of promoters lacking both TATA and INR is underrepresented in the HMGA1-repressed group of genes, consistent with the fact that these promoters are generally GC-rich (AT-poor). Altogether, these results are consistent with our in vitro transcription analyses and suggest a novel core promoter-dependent role of HMGA1 Significant differences (P < 0.05) from genomic frequencies analyzed by two-sided Fisher's test are indicated in bold; (***) P = 0.000137; (*) P = 0.012694. a Frequencies of core promoter types in 7995 mouse genes with experimentally validated transcription start sites (Jin et al. 2006 ).
b
Genes above whose transcripts levels are altered by at least fourfold in HMGA1 knockout mouse ES cells (Martinez Hoyos et al. 2004 ).
in gene-specific regulation in mammalian cells involving potentiation of the transcription synergy of TATA and INR elements.
HMGA1 C-terminal acidic tail domain has core promoter-specific functions and is required for HMGA1 interaction with TFIID and Mediator in mammalian cells
To investigate the possible mechanisms for the functional cooperativity of HMGA1 with TFIID and Mediator, we tested their possible interaction in HEK293 cells. We first used a HEK293 cell line that expresses low levels of ectopic HA epitope-tagged HMGA1b (HA-HMGA1b) (Fig. 5A) .
Immunoprecipitation with an anti-HA antibody and Western blot analyses demonstrated a specific interaction of HA-HMGA1b with all TFIID subunits tested (Fig. 5B ) and several subunits of Mediator, but not the CDK8 subunit (Fig. 5C ). We further confirmed the specific interaction of the Mediator complex with endogenous HMGA1 in HeLa and HEK293 cells by coimmunoprecipitation with an anti-MED1 antibody ( Fig. 5D ; Supplemental Fig. S5 ). Notably, endogenous HMGA1b was significantly enriched in the anti-MED1 immunoprecipitate (Fig. 5D , lane 6; Supplemental Fig. S5 ). Moreover, the interactions observed were not affected by the presence of ethidium bromide, suggesting that they were not indirect effects of DNA binding.
To map the domains of HMGA1b required for interaction with TFIID and Mediator, HA-HMGA1b wild type and several deletion mutants were transiently transfected in HEK293 cells and analyzed by coimmunoprecipitation and Western blotting, as above. Interestingly, we found that the C-terminal acidic tail domain is important for HMGA1b interaction with both TFIID and Mediator (Fig.  6A,B) . To our knowledge, this represents the first identification of HMGA1-interacting factors that depend on this conserved domain of HMGA proteins. We further tested the possible contribution of the C-terminal tail in the core promoter-specific basal stimulatory activity of HMGA1b by titrating purified recombinant HMGA1b wild type and a tail-deleted (DC) mutant (Supplemental Fig. S6 ) in the purified transcription system in the presence of Mediator. While HMGA1b wild type significantly stimulated the MLP core promoter, but not the HSP70 promoter, at all concentrations tested (up to 10-fold) (Fig. 6C, lanes 2-4) , the DC mutant had a drastically reduced activity and repressed transcription from both promoters at the highest concentration (Fig. 6C, lanes 5-7) . Similarly, the HMGA1b DC mutant had a reduced INR-specific stimulatory activity on the TATA/INR core promoter and an increased repressive function at the highest concentration on both promoters (Fig. 6D) . However, the TATA/INR promoter was less sensitive to this repressive effect, consistent with the INR-dependent activity of TAFs and Mediator in antagonizing the negative function of HMGA1 and other negative cofactors, described previously ( Fig. 3 ; Supplemental Fig. S2E,F) . Thus, HMGA1 has both (1) a core promoter/INR-selective basal stimulatory function that cooperates with Mediator and TFIID/TAFs and requires the C-tail domain (and possibly the N-terminal AT hooks), and (2) a negative function at the N terminus (containing the three AT hooks) that is suppressed by the C-tail domain and antagonized in an INR-dependent manner by Mediator and TFIID/TAFs. Hence, these results suggest that the interaction of TFIID and Mediator with HMGA1 is dependent on the acidic C-tail domain and important for their concerted core promoter-selective basal activities.
Discussion
The factors and mechanisms responsible for the strong synergistic stimulation of Pol II-dependent transcription by TATA and INR core promoter elements have remained poorly understood. Previous results indicated that TFIID/ TAF-dependent INR function in synergy with the TATA box not only entails a TFIIA-dependent cooperative recruitment of TFIID to core promoters containing both elements in a synergistic configuration (Emami et al. 1997) , but also involves TAF-dependent cofactors that are distinct from GTFs and have remained elusive (Martinez et al. 1998 ). Here we identified these cofactors as the architectural protein HMGA1 and the Mediator coregulator complex. Significantly, we found that the basal transcription stimulatory function of Mediator, which up to now has been considered ''general'' or invariant on all core promoters, can be stimulated by HMGA1 and TAFs in an INR-dependent manner (Fig. 2) . Our results thus unveil a ''facultative'' core promoter-dependent activity of Mediator and HMGA1 and a functional core promoter-selective cooperativity of HMGA1, Mediator, and TFIID/TAFs, as none of these factors alone (or in pairs) can significantly stimulate INR-dependent transcription by the purified Pol II transcription machinery. We note, however, that the maximal level of INR-dependent activation observed with crude nuclear extracts has yet to be reached in the purified system, which may suggest the involvement of additional cofactors or post-translational modifications that may be missing in the purified reconstituted system. For instance, HMGA1 is a substrate for multiple post-translational modifications in vivo, which influence its DNA binding and transcription functions (Reeves 2003) .
In addition to their TAF-and INR-dependent stimulatory activities, HMGA1 and Mediator also antagonize repression of the basal transcription machinery by NC2 and Topo I in an INR-dependent manner (Fig. 3) . While not addressed here, this concerted anti-repressive activity of HMGA1 and Mediator could also more broadly antagonize the inhibitory effects of general chromatin components at specific promoters in vivo. Indeed, HMGA1 was shown to dynamically compete with histone H1 binding to chromatin in live mammalian cells (Catez et al. 2004) . Hence, the combined stimulatory and anti-repressive effects of HMGA1, Mediator, and TAFs may account for the large differential activity of TATA and TATA/INR core promoters observed in more physiological cell-free extracts and in live cells (O'Shea-Greenfield and Smale 1992; Colgan and Manley 1995; Malecová et al. 2007) . In support of a core promoter-selective stimulatory function of HMGA1 in vivo, we further showed that endogenous HMGA1 in mammalian cells contributes to the transcription stimulatory activity of the INR at TATA-and INRcontaining (TATA/INR) core promoters and that physiological HMGA1-activated (but not HMGA1-repressed) target genes in ES cells often have core promoters with TATA and INR elements in a synergistic configuration ( Fig. 4; Table 1 ). Given the multiple post-translational modifications and diverse chromatin and gene regulatory roles of HMGA1 (Reeves 2003) , including the novel core promoter-specific functions described here, the particular contributions of HMGA1 in regulation of specific genes are likely to be cell type-and context-dependent, consistent with the observed tissue specificity of HMGA1-dependent gene regulation (Martinez Hoyos et al. 2004) .
While the detailed molecular mechanisms underlying the core promoter-selective cooperativity of HMGA1, Mediator, and TFIID/TAFs in INR-dependent transcription remain to be fully characterized, our results point to an important regulatory role of the conserved acidic C-tail domain of HMGA1. This acidic C-tail domain is conserved in HMGA proteins (HMGA1a/b and HMGA2) and appears to have important biological functions in regulation of cell proliferation and oncogenic transformation by HMGA proteins, whose overexpression is a hallmark of malignant tumors (Pierantoni et al. 2003; Fusco and Fedele 2007; Li et al. 2007 ). However, the molecular functions of this C-tail domain have remained unclear. The acidic C-tail domain of HMGA1 does not have an intrinsic transactivating function when fused to the DNA-binding domain of GAL4 (Thanos and Maniatis 1992; Zhou et al. 1996) , although it appears to be required for HMGA1 coactivation of some, but not all, HMGA1-dependent activators and target promoters in transfected cells (Yie et al. 1997; Chin et al. 1998) . Here, we showed that the C-tail domain of HMGA1 is required for both HMGA1 interaction with Mediator and TFIID in human cells (Fig. 6B ) and maximal stimulation of INR-dependent basal transcription by Mediator and TFIID/TAFs in vitro (Fig. 6C,D) . In addition, the C-tail domain antagonizes the repressive function of the N-terminal region containing the three AT hooks (Fig. 6C,D) . This anti-repressive function of the C tail correlates with the reported roles of the acidic C-tail domains of HMGA1 and HMGA2 in restricting the DNA-binding and self-association activities of the N-terminal region containing the AT hooks (Nissen and Reeves 1995; Yie et al. 1997; Noro et al. 2003) . Thus, the DNA-binding activity of HMGA1, which recognizes AT-rich and structured sequences including TATA elements and nucleosomal DNA, could be altered in association with TFIID and/or Mediator. Alternatively (or in addition), HMGA1 could selectively interact with specific variants of Mediator or TFIID complexes or could affect their structure at enhancers and/or core promoters. Indeed, HMGA1 interacts selectively with a form of Mediator that lacks the CDK8 subunit (Fig.  5C ). In addition, structural effects of activators on Mediator conformation (Taatjes et al. 2002; Meyer et al. 2010; Taatjes 2010 ) and on isomerization of TFIID on core promoter DNA (Horikoshi et al. 1988; Lieberman and Berk 1994; Chi and Carey 1996) have been reported, which suggests a possible malleability of these complexes. In this context, it is interesting to note that the C-tail domain of HMGA1 is phosphorylated by CK2 (for review, see Reeves 2003) , a protein kinase with reported core promoterspecific regulatory activities (Lewis et al. 2005 ). Thus, post-translational modifications of HMGA1 could modulate its interactions with Mediator or TFIID and hence regulate its core promoter-selective functions.
It has been shown that a heterodimeric complex composed of human TAF1 and Drosophila TAF2 subunits of TFIID, but not either subunit alone, can bind specifically to INR sequences (Chalkley and Verrijzer 1999) . Interestingly, Drosophila TAF1 has HMGA-like AT hooks-one or two motifs, depending on the TAF1 isoform-and only TAF1 isoforms with both AT hooks can directly bind, independently of TAF2, to the transcription start site of several Drosophila core promoters (Metcalf and Wassarman 2006) . Furthermore, TAF1 is the only subunit within Drosophila TFIID that contacts the INR, as indicated by short-range protein-DNA cross-linking, suggesting that TAF2 plays only an accessory role (Wu et al. 2001) . In contrast, human TAF1 (and TAF1 in many/most other organisms) does not have any AT hook, but instead has an HMG box (Sekiguchi et al. 1991) . Thus, it is tempting to speculate that the interaction of HMGA1 with TFIID complexes that lack one or both AT hooks could compensate for the missing AT hooks and facilitate specific TFIID-INR interactions or stereo-specific conformations at TATA/INR core promoters. For instance, HMGA1 is able to bind DNA on the surface of nucleosomes, inducing localized changes in the rotational setting of the DNA (for review, see Reeves 2003) , and could perhaps similarly bind to TATA/INR core promoter DNA that is bent/wrapped by TFIID/TAFs (Oelgeschlä ger et al. 1996) . Thus, HMGA1 could have architectural or DNA chaperone functions at certain core promoters, similar to its proposed role in facilitating the cooperative assembly of nucleoprotein enhanceosome complexes (Reeves 2003; Panne 2008) . The recruitment of both HMGA1 and Mediator to regulatory DNA/enhancer sequences and the reported involvement of both HMGA1 and Mediator in long-range enhancer function via DNA/ chromatin looping (Bagga et al. 2000; Kagey et al. 2010 ) and in core promoter-selective stimulation (as shown here) suggest possible concerted functions of HMGA1 and Mediator at the interface between distal regulatory elements and specific core promoters. Such cooperative interactions could not only facilitate the long-range communication between activators/enhancers and the basal transcription machinery, but also mediate the core promoter-selective function of certain activators and enhancers.
In summary, our results uncovered a novel core promoter-selective cooperative function of HMGA1 and Mediator through the INR that depends on TAFs and the C-terminal acidic tail domain of HMGA1. From the dual roles of HMGA1 and Mediator at enhancers and core promoters, we propose that distal regulators and their recruited coregulators could, beyond a simple recruitment model, coordinate the assembly of stereo-specific PICs at core promoters and dictate the productive utilization of specific core promoter DNA elements by the basal transcription machinery and hence the levels of transcription in response to specific stimuli. The reconstitution of alternative core promoter element-dependent transcription pathways in vitro with purified factors is an important first step to further test this model.
Materials and methods

Protein purification and in vitro transcription
TIC1 purification is described in the Supplemental Material. Purification of Pol II and GTFs was described previously (Martinez et al. 1998 ). The purified basal transcription system consisted of 0.7 mL of Pol II (DE), 1 mL of TFIIA (Ni 2+ -NTA-agarose), 15 ng of recombinant 6His-TFIIB, 1 mL of Flag-tagged TFIID (;5 ng of f:TBP per microliter), 20 ng of recombinant 6His-TFIIF, and 2 mL of TFIIE/H fraction (see the Supplemental Material). Alternatively, 20 ng of recombinant 6His-TFIIE and 0.15 mL of highly purified TFIIH (Q2) were used instead of the TFIIE/H fraction, with similar results (Supplemental Fig. S2H,I ). When indicated, 5-10 ng of recombinant 6His-TBP was used instead of Flag-tagged TFIID. Purification of Mediator, reporter plasmids, in vitro transcription, and primer extension are described in the Supplemental Material.
Cell culture, transient transfection, luciferase assay, and RNAi HeLa and HEK293 cells and a HEK293 cell line stably transfected with pHA-HMGA1b and expressing low levels of HA-tagged mouse HMGA1b were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum at 37°C with 5% CO 2 . Transient transfections of HEK293 cells were performed with Lipofectamine 2000 (Invitrogen), and luciferase assays were performed as described previously (Faiola et al. 2005 ). RNAi analyses are described in the Supplemental Material.
Antibodies, Western blotting, and immunoprecipitation
The antibodies obtained from commercial sources were HMGA1 (sc-1564), MED1/TRAP220 (sc-5334x), MED12/TRAP230 (sc5374x), MED13/TRAP240 (sc-12013x), MED16/TRAP95 (sc-5363x), MED26/CRSP70 (sc-48776x), CDK8 (sc-1521), TAF1 (sc-735x), TAF9 (sc-1247x), and b-actin (sc-1616R), all from Santa Cruz Biotechnology; and anti-HA antibody (12CA5) and anti-HA resin from Covance. The NC2a antibody was a kind gift from Dr. Thomas Oelgeschlä ger. Whole-cell extract preparation, immunoprecipitation, and Western blotting were essentially as previously described (Faiola et al. 2005) . Where indicated, 50 mg/mL ethidium bromide was added to cell extracts before immunoprecipitation.
Core promoter statistics
For the comparisons of core promoter frequencies in Table 1 , significant differences at P < 0.05 were determined by using the Fisher's exact test and two-sided P-values (sum of small p's method).
